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ABSTRACT: Tendon injuries are frequent and occur in thes; -

elderly, young, and athletic populations. The inadeq . /
number of donors combined with many challenges assoctat - \

with autografts, allografts, xenografts, and prosthetic device \ & \ S
have added to the value of engineering biological substitutes, Substate coated it coladen hydisoél
which can be implanted to repair the damaged tendgpsmmmpms " @ +BvP-12
Electrospun scalds have the potential to mimic the nati \ < J’\L\ZL\

- ; . . . \ = et

tissue structure along with desired mechanical propertie - \ NG~

thus, have attracted noticeable attention. In order to imp
the biological responses of thebeous structures, we
designed and fabricated 3D multilayered compositédscavhere an electrospun nanous substrate was coated with a

thin layer of cell-laden hydrogel. The whole construct composition was optimized to achieve adequate mechanical and physica
properties as well as cell viability and proliferation. Mesenchymal stem cells (MSCG=eweatedi by the addition of bone
morphogenetic protein 12 (BMP-12). To mimic the natural function of tendons, the cell-laldisnves@ mechanically

stimulated using a custom-built bioreactor. The synergistioemechanical and biochemical stimulation was observed in

terms of enhanced cell viability, proliferation, alignment, and tenogestiaion. The results suggested that the proposed
constructs can be used for engineering functional tendons.

KEYWORDS:tendon tissue engineering, compadite,stanbrous materials, mechanical stimulation, stepremtiation

Cellular differentiation and alignment Mechanical and biochemical stimulation

INTRODUCTION

Tendons are organized connective tissues that transfer foreeseived: December 28, 2018
generated by skeletal muscles to bones in order to move themcepted: April 16, 2019
Meanwhile, they withstand high stress from muscle contractiongblished: April 16, 2019
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and avoid overloading bones. Thus, tendons are essential indhesrent cell sources for bone and tendon regeneration studies,
normal movement of the body. They are highly organizeshesenchymal stem cells (MSCs) have been frequently used due
tissues, which are comprised of aligned, multiscale, atutheir naturaltendency todrentiate into these Iinea?.;‘@é2
hierarchical collageters: Due to their structure, tendons Biochemical stimulation of the cultures using growth factors
are capable of carrying loads, supporting and stabilizing the jdi@fs) that can potentially induce tenogenierdntiation has
while preventing bone dislocafi@endon injuries arise mostly been introduced to overcome the disadvantages of stem cell
from high-pivoting sporting activities such as skiing, basketbtilerapies. Indeed, even though stem cell application is
and football. Additionally, degenerative tissue processes oamamsidered as the ideal approach for clinical translatioie, speci
quite often, mainly in the middle-aged and elderly popdlationmethods for inducing tenogenic edentiation are still
However, the low number of cells and low blood supply tandiscovered. Biomechanical stimulations performeemby di
tendons reduce their regenerative and reparative cdpabilignt GFs, such as badicoblast GE? platelet-derived growth
Clinical treatments of tendon injuries are based on surgidalctor BB transforming GF beta:® bone morphogenic
suturing of damaged tendons as well as the use of auto- gdteins (BMPsJj>® and growth dierentiate factor% have
allografts. These surgical procedures are associated with beeen lately considered to induce the tendon regeneration. GFs
number of major challenges including the lack of Gest can be supplied by addition into the culture media composition,
number of auto- and allografts, the signt chance of rejection  as well as by loading of the bioactive molecules into tidsca
of allografts, and infectidh®8ecause of these reasons, structure, i.e., incorporation into electrospbers or
engineered biological substitutes with biomimetic, mechanicahcapsulation into nanoparticles. It has been demonstrated
and biological properties have attracted noticeable attentiontttat GF treatment plays the main role in the chemical cellular
replace or repair injured tend6ns. stimulation and in the tissue homeostasis, healing, and repair,
Various strategies are devised for the productionatisca a ecting cell proliferation, morphology and migration, collagen
with biomimetic architectures and anisotropic mechanicaroduction, angiogenesis, and deposition of ECM pr6féins.
properties for tendon tissue engineering. Fiber-based apin particular, BMPs are considered crucial in skeletal tissue
proaches including weaving, knitting, braiding, and electrdevelopment, because of theiuémce on osteogenic or
spinning have been widely explored for engineériogs chondrogenic derentiatiod® In particular, it has been
structures with adequate mechanical progehiiesng them,  demonstrated that bone morphogenetic protein 12 (BMP-12)
electrospinning and braiding have been more successful @adises a tenogenic pathway in stem cells, up-regulating key
popular in generating highly organizgdus constructs with  tenogenic transcription factors and causingcsighthanges
anisotropic mechanical propernti€sElectrospinning allows in the cell secretory activity, enhancing the secretion of VEGF
the production of veryne bers in the range of 100 nmto a few and collagenases, which might improve the regeneration process
micrometers byowing a polymer solution through a needlein acute tendon injuriés!® Thus, BMP-12 has been pointed
placed in an electrield™* Nano brous scalds oer some  out as promising for accelerating tendon héafihghe
unique advantages such as large specface area and high mechanisms of BMP-12 on improving tenogegicdtiation
porosity. Furthermore, the electrospinning technique could lage probably induced by activating cytoskeleton reorganization
used for the production of aligned and organizedbrane signaling or activating the Smad1/5/8 signaling pathiay.
scaolds, recapitulating the collagker direction structure of  vitro studies of BMP-12 treatment of canine adipose derived
anisotropic tissues and directing the cell adfédomr to stem cells results in higher sget@nogenic gene expression,
these great advantages, electrospunhmans scalds have  such as scleraxis and tenomodulin, proving its potential for
been successfully applied to musculoskeletal tissues includergpgenic cell derentiation compared to untreated con-
bone, cartilage, tendon, ligament, annubmssus, and ditions’’ Moreover, the implantation of human BMP-12 loaded
tendon***® Even though it has been proven that synthetidnto an absorbable collagen sponge was reported to enhance the
brous electrospun structures can mimic the native extracellutealing of rotator cuinjuries in 87% of patients at a 1-year
matrix (ECM)® they cannot provide a suitable 3D micro- follow-ug’’ Additionally, the injection of BMP-12 in the
environment for cell attachment, proliferation, migration, anéchilles tendon in a mouse animal model proved to improve the
di erentiation due to the lack of cell-recognition “8ites. quality of tendon repdit.
Recently, engineered composite and multicomparineesit The dynamic culture condition of the stds has recently
followed by their braiding, enabled the engineering ademonstrated its potential for a moreient tissue maturation.
centimeter-scale constructs. The braided constructs encapsuparticular, bioreactor systems have been developed in order to
lated cells in a cell-supporting hydrogel niche where they ceetapitulate the tissue natural conditiovisd*° In the case of
easily remodel and populate the entire structure, while thendon tissue, dérent bioreactor devices that can apply
mechanical properties of the construct are tailored by thgeriodic physiological menkal stretching have been
polymeric component of the salds?*>%° proposed. The mechanical stimulation of the cultures resulted
Some of the natural-based hydrogels have cell binding aincan improvement of cell proliferation®saad the formation
matrix metalloproteinase responsive motifs; as a result, cells ahighly oriented cellular architectinehich is essential for
spread and proliferafeFor example, recent studies demon-the proper function of tendons. Moreover, a posiéceaf the
strated that tendon-derived ECM allows high cktbiion as mechanical stretching on tenogenierditiation of stem cells
well as collagen deposition and that methacryloyl gelatiras also been reporf’g‘a8
(GeIMA7) J)ermits homogeneous cell distribution and pene- In this work, multilayered (ML) sedds based on electro-
tration®**Thus, the physicochemical and biological propertiespun substrates coated with layers of cell-laden hydrogel are
of the hydrogel play a key role on the growth and function of thexplored for tendon tissue engineering. Imtilescaold, the
encapsulated célfs. brous membrane provides the adequate mechanical properties
In addition to creating a suitable std, the selection of cell and the hydrogel layers mimic the ECM environment,
sources has also been the subject of various studies. Améamilitating cell spreading and three-dimensional grcva.
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biochemical and mechanical stimulations of the construct weréMechanical Characterization. Tensile TestThe mechanical
selected to createiarvitromodel, which performs dynamic cell properties of the constructs were measured through a uniaxial tensile
culture and reproduces the tendon physiological conditiongdrength test using a universal mechanical testing machine (Instron

The in uence of the scald composition and mechanical and 2242 Nolrwoﬁd' M(Al)d Fi‘r’ﬁe Sa“;p'es of eaﬁhbmembrar;e were cutin a
. - S . . rectangular shape mrb mm), positioned between the two grips
biochemical stimuli has been investigated. of the machine, and subjected to tensile mechanical stretching. The

constant crosshead speed was set at 10 mm/min, and the related force
MATERIALS AND METHODS was measured using a 10 N cell. Tensile modulus of elasticity was

Materials. All the chemicals including polycaprolactone (MCL, calculated using the initigd3 linear region of the stfessain
80 000), nylon-6 (PA6), hexmroisopropanol (HFIP), high viscosity cug/e. ion TesC . hanical . f th
alginate (Alg), methacrylic anhydride, gelatin (Type A, 300 bloom from COMpression TesCompressive mechanical properties of the
porcine skin), 2-hydroxy-@-hydroxyethoxy)-2-methylpropiophe- scaolds were measured by a compression test using Instron 5542

none (Irgacure 2959), ascorbic acid, Triton X-100, and bovine serdStron. Norwood, MA, USA). Samples were produced in the form of

albumin (BSA) were purchased from Sigma-Aldrich (St. Louis M@Ilsks with a diameter of 10 mm, and the compression rate was set to 2

USA). Primary human bone marrow derived mesenchymal stem ¢ /min. The compressive modulus was calculated using th&initial 0
(MSCs) were purchased from Roosterbio Inc. (Frederick, MD, USA%10 linear region of the stéesisain curves.

The cells were isolated and expanded from a single deitfentian Physical Characterization.Swelling Assessmeiffuid handling
donor bone marrow. Minimum essential medium alVMER), fetal capacity was measured by soaking the samples in 2 mL of PBS. The

bovine serum (FBS), phosphategnisolution (PBS), basibroblast weight before and after immersion in the solution was measured with a
growth factor (bFéF), trypsin-EDTA—,qutami’n, collagen | high precision scale to assess the swelling ratio every day up to 7 days.

monoclonal antibody, Alexa Fluor 488 Phalloidin, and DAPI wergl® swelling ratio was calculated on the basislof
obtained from Life Technologies (Carlsbad, CA, USA). BMP-12 was ) ) WS w
bought from BioVision, Inc. (Mountain View, CA, US). swelling ratio% ——— x 100

Biofabrication Methods. Electrospinning of Nandrous @)
Membranes.PCll_SPA6 nanobrpus. membrane§ were fabricated whereW, is nal weight ant, is initial weight.
using a conventional electrospinning _setupme% (wiv) PCL . Degradation Prole. The degradation rate of the constructs was
and 10% (w/v) PA6 were separately dissolved in HFIP. The S°|Ut'°'?é§/aluated by placing the samples in 2 mL of PBS@t Bfie dry

were mixed in & 1:1 ratio in order to obtain a homogeneous polymetjg,ight of the specimens was measured before the experiment and then

blend of 5% (w/v) PCLSPAG solution. The PGIPAG prepolymer fter 7 and 14 days of incubation using a high precision scale. The
solution was then transferred to a 3 mL syringe with a 23G blunt nee ight loss percentage was calculated on the basis of

tip. An electricaleld of 15 kV over aed spinning distance of 20 cm 8

was applied. Thew rate of the prepolymer solution was set at 1 mL/h, . Wy S Wy

and the substrates were spun for 30 min to gerten@ie membranes. weight loss% W, x 100 )

Fibers were collected onto an aluminaincollector to produce a

sheet with uniformber distribution. The membrane was vacuum-driedwhereW, is dry nal weight antV,, is dry initial weight.

for 24 h and then sterilized under UV light overnight. Cell Studies. MSCs were cultured in growth culture media
Hydrogel Formulation and PreparatioGelMA was synthesized composed of alpha MEM supplemented with 10% FBS, 0.2 mM

as previously descrifédBriey, type A porcine skin gelatin was ascorbic acid, 2 miMglutamin, 1% penicilfistreptomycin (PS), and

dissolved in PBS at8Din a concentration of 10% (w/v) and stirred at 1 ng/mL bFGF until sucient conuence was obtaingd-urther, cells

240 rpm. Subsequently, 5% (v/v) of methacrylic anhydride was addegre detached using trypsin-EDTA, encapsulated in the hydrogel

dropwise (0.5 mL/min) and stirred at®Dfor 3 h. Afterward, 300%  structures at a density of 3° cell/mL, and cultured at 3T and 5%

(v/v) of PBS was used to dilute the gelatin solution. Addesolution CO, for 14 days. The two-dimensional (2D) culture control condition

was loaded in dialysis membranes (Spectro/Por molecular porowss also assessed, seeding MSCs on culture plates and culturing them at

membrane tubing, MWCO324 000, Fisher Sciemt) and dialyzed 37°C and 5% Cofor 14 days.

in 5 L of distilled water at 8C and 500 rpm for 10 days. Finally, the  Cell Proliferation Assessmehie PrestoBlue assay was performed

solution was freeze-dried to obtain lyophilized GelMA. to evaluate cell proliferation. The samples were treated with 10% (v/v)
A GelMA 20% (w/v) solution was prepared by dissolving lyophilizedf PrestoBlue solution in the culture medium solution and incubated at

GelMA in PBS at 8 containing 0.2% (w/v) of Irgacure 2959 as the 37°C and 5% C&¥or 1.5 h. The resulted solution was aliquoted in 100

photoinitiator. Alg solutions of 1%, 2%, and 3% (w/v) were prepared by aliquots and transferred to a 96 well plate.(drescence intensity

dissolving the polymer powder in deionized water at room temperatusas measured using a BioTek Synergy 2 multimodal plate reader

overnight. Thenal solutions were prepared by mixing GelMA and AlgBioTek Instruments Inc., VT, US).

solutions (1:1 ratio) in order to obtain geMQ solutions of 1086 Cell Viability Assessmeriell viability was determined using a

0.5% (wlv), 10%1% (w/v), and 10%1.5% (w/v), respectively. LIVE/DEAD Cell Viability Kit (Invitrogen) to evaluate the response of

Finally, the solutions werétered through a 0.22m pore size cells cultured on the scéds>® At each time point, the constructs were

sterilizing lter. washed in PBS and treated with @&nL calcein and 2 L/mL
Fabrication of ML Scablds. The electrospun membrane surfaces ethidium homodimer in PBS. Thest compound was used for the

were subjected to plasma treatment for 45 s and then coated witlgeeen staining of alive cells and the second, for the red staining of dead
1005150 m layer of GelMBAlg composite hydrogel. The dip- cells. Samples were incubated for 10 min &€ 3¥d 5% CQ

coating method was used to coat a thin layer of hydrogel brote Afterward, the samples were washed in PBS and imaged with a

surfaces. The hydrogel was cross-linlstdn a 2% (w/v) sterile uorescent microscope (AxioCam MRc5, Carl Zeiss, Germany).

calcium chloride (Caglbath for 20 s, and subsequently, photo-  Cell Morphology and Alignment Characterizati@ell morphol-

polymerization was carried out by UV light exposure at 800 AW cmogy and alignment were evaluated by staining cell cytoskeletons and

for 30 s (Omnicure, $S2000, 3880 nm, Excelitas Tech. Corp., YS).  nuclei. Actin-DAPI staining was performed. Samples were treated with
Morphology Evaluation. The morphology of ML scalds was 4% paraformaldehyde for 30 min and then washed in PBS 3 times (5

investigated using a scanning electron microscope (SEM; Zeiss Uhman each). Subsequently, 0.3% (v/v) Triton X-100 in PBS was added

Plus). SEM images were acquired at 7 kV after coating the samples iothl5 min, and three washing steps were performed. Samples were

athin layer of gold using a sputter coater. The diametertdtheas incubated in 1% (w/v) BSA in PBS for 30 min, and a 1:40 dilution of

evaluated from SEM images using ImageJ (National Institute of Heal&iexa Fluor phalloidin in PBS was added for 40 min at room

USA) by measuring the dimensions of 100 randomly sebertedn temperature. Three washing steps were performed. Subsequently,

ve independent samples. samples were incubated in 1:500 DAPI solution in PBS for 10 min and

2955 DOI:10.1021/acsbiomaterials.8b01647
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Table 1. Polymerase Chain Reaction (PCR) Primer Sequences

gene forward primer sequenced<3) reverse primer sequencet¢(b3)
GAPDH CAAGGCTGAGAACGGGAAGC AGGGGGCAGAGATGATGACC
TNMD GATCTTCACTTCCCTACCAACG CTCATCCAGCATGGGGTC
SCX ACACCCAGCCCAAACAGA GCGGTCCTTGCTCAACTTTC
CoL | GGCTCCTGCTCCTCTTAGCG CATGGTACCTGAGGCCGTTC
DCR CGCCTCATCTGAGGGAGCTT TACTGGACCGGGTTGCTGAA
TNC GGTGGATGGATTGTGTTCCTGAGA CTGTGTCCTTGTCAAAGGTGGAGA
High voltage GelMA/Alg/cells /’ iy N TSN \
power supply I ) Ne 1 \ A "
lmi “\ /’ \\
= \\‘\\ _____ —"‘, ( > \\\\ ‘§___:;,,
Needie tip 2 nﬂ::} ) \"\—_‘r”/ ‘,\-_\//’
Collector disk \
> >
\ CaCl, solution immersion UV illumination
Electrical motor Nanofibrous substrate Hydrogel coating and crosslinking

(s

Sgb§t;ate coated with cell-laden hy'drogel Mechani\c‘ararld biochemical stimulation
- L ~ - —

97
n A
’»’“\;«Z&

Cellular differentiation and alignment

AT

Figure 1.Schematic of fabrication and stimulation of Mloktsa Synthetic electrospun ndxsos were coated by thin layers of cell-laden hydrogel

to fabricate a ML soald for tendon tissue engineering. The hydrogetstasoss-linked in a calcium chloride solution and secondarily exposed to

UV light. The cell-laden scéds were cultured in bioreactors, which allow the administration of GFs and periodic mechanical stretching to promote
cell alignment and d@irentiation. SEM images of ndmous substrate and then cross section of the Mildsege reported in the bottom row.

washed again. Solls were imaged under therescence micro- were measured using a NanoDrop (Thermo SdgntOne

scope (AxioCam MRc5, Carl Zeiss, Germany). Cell alignment wasicrogram of total RNA from each sample was reverse transcribed

calculated fronuorescence images using ImageJ (National Institute efccording to the manufactisénstructions using the SuperScript Il

Health, USA) by measuring the cytoskeletons orientation (Imag&irst-Strand Synthesis SuperMix (Invitrogen, Inc.). All RT-PCR

software, OrientationJ). reactions were prepared using the iTaq Universal SYBR Green Master
Collagen ExpressionAnaIyﬁsJIagenIexpressionwasassessedtq—rhermo Fisher, USA). The 2@ volume reaction component

evaluate the ECM deposition. The cell-laden constructs were washeghifluded 10 L of Master Mix, 1L of forward and reverse primers, and

PBS and thenxed in 4% (w/v) paraformaldehyde for 30 min. 100 ng of cDNA template, and tel volume was adjusted using a

Afterward, three (\J/vashlng steps were performed (5 min each), jaase free water. Collagen type I, decorin, tenascin-C, scleraxis, and

Subsequently, 0.3% (v/v) Triton X-100 solution in PBS was addeIglnomodulin were selected as target gene primers, and they have been

for 15 min, and another three washing steps were performed. Tfi : . ; .
nonspecic staining was blocked by incubation in 1% BSA for 30 min a&&ed inTable 1 Relative expressions were calculated usinga

room temperature (RT). Then, the samples were incubated in a

anticollagen | antibody produced in mouse solution (1:2000 dilution) =™, . . .

overnight. Three washing steps were performed. Subsequently, Rtion in the culture m_edlawas asse_ssed. Pr_evnous studle_s dem_onstrate

scaolds were incubated in Alexa Fluor 488 goat antimouse seconddtt BMP-12 plays animportant role in chemical cellular stimulation as

antibody produced in goat solution (1:300 dilution) in the darkness a¥€ll @s in the tissue homeostasis, healing, and regmingacell

RT for 2 h. After washing the samples, the nuclei were stained wRfeliferation and mlgrat_lor} 5%‘3"399“ production, angiogenesis, and

DAPI solution (1:500) and incubated in the darkness for 10 min. Lastifleposition of ECM proteii&*>*In order to perform the biochemical

two washing steps were performed, and samples were visualized usfigrgilation of the cultures, samples were cultured in growth
uorescence microscope (AxioCam MRc5, Carl Zeiss, Germany). supplemented with BMP-12. &ient concentrations of BMP-12,

Real-Time PCR Analydiectrospun substrate coated cell-ladensuch as 0, 1, and 10 ng/mL, were added to the medium to achieve the
hydrogels were mechanically disrupted, and TRIzol (Invitrogen, Ingnost e cient MSC dierentiation, spreading, and proliferation and
was used to extract the total RNA from these samples; total RNA yielitscelerate the tissue healing and remodeling.

ethod and normalized to GAPDH gene expression.
Biochemical Stimulation. The evaluation of BMP-12 concen-
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Figure 2 Mechanical and physical propertiesmfus ML scalds: PCISPA6 electrospun mat surfaces were coated®45000n of hydrogel
layers. The hydrogel was composed of 10% GelMA and an optimized concentrati@@f Pégsile properties of the ML schils are reported

in terms of ultimate tensile stress (A), strain (B), and elastic modulus

BY)No signicant in uence of the hydrogel coating is reported, showing

that the tensile mechanical properties of th& PGE electrospun construct were maintained. Moreover, the Alg concentration déhoettire

tensile characteristic of ML salds in terms of tensile stresd@ MPa),

strain (80%), and elastic modulus3Q MPa). (D) The compressive

modulus of ML constructs was considerabbted by the Alg concentration, showing sirtiy higher values of up to 27 kPa folS8%cand

10981.5% GelMB&Alg hydrogel compositions compared to the lowes

t Alg concentrationteseBelling ratio (E) and weight loss (F) values

were measured to be sigaitly higher for the ML samples with the lowest Alg conter§ @B GelMBAlg), compared to the samples with

higher Alg concentration£ 5). No signicant di erence was registered

between Mioktsacomposed of 18%% and 10%i.5% GelM&Alg

hydrogels. Sigmiant di erences are determined compared to the MEL8% GelMBAlg condition{p< 0.05** p<0.01*** p<0.001**** p

<'0.0001).

Mechanical Stimulation: Bioreactor Model.A bioreactor model
was designed and developed to perform the dynamic cell culture on

electrospun substrates were initially soaked in the mixture of
tBeIMASAlg, and then, the Alg component was cross-linked

proposed scalds. The bioreactor system has the potential to provid%sing CaGl The GelMA component was then cross-linked by

an appropriate biochemical and biomechanical environment
stimulate cell proliferation andatientiation as well as ECM synthesis
under sterile conditions. The bioreactor device was designed to h

di erentsamples (ranging in size from 5to 37 mmin length, 0.2 to 13

mm in width, and 0.1 to 2 mm thick) between omel grip and one
moving grip, which was connected to a pulley through a polymer wi

V cross-linking. A custom-built bioreactor was designed and
sembled in order to apply biological and periodic mechanical
Imulation to the constructs. The schematic of the fabrication

process and stimulation of the ML etds is shown ilRigure 1

re.PCL has been approved by the FDA for drug delivery devices,

The pulley was rotated by a stepper motor controlled by a RaspberryRitures, and adhesion barriers. Moreover, it has been widely
embedded systenfFifure S Mechanical stimulation parameters ysed for fabrication of tissue engineeringlgsa®®° PA6 is

were selected in terms of strain and fre
native biochemical conditicfis’ The mechanical simulation was

performed by periodically stretching the samples in the axial directi

a
Constructs were subjected to 10% strain with a frequency of 1 Hz foﬁg

days (4 h/day).

Statistical Analysis.All measurements were made in triplicates on
atleast three dérent samples produced fronedent cell cultures and
tested independently. Data is reported as mean wvatti@sdard
deviation. The one-way ANOVA test was performed, andndies
are displayed as statistically signi wherp  0.05. Statistically
signi cant values are presentetpas0.05*p 0.01*** p 0.001,
and**** p 0.0001.

RESULTS

In this work, we have designed and fabricated Mbldsa
composed by an electrospun mat coated by thin layers

quency o simulate the tendgRyo a polymer that has been used in biomedical engineering

plications due to its mechanical strength, toughness, and slow
gradation prée. Nanobrous substrates were fabricated by
electrospinning of PGPAG6 solutions in HFIP. The electro-
spinning parameter was adjusted in order to obtain homoge-
neous, beadless, and regilars with diameter of 14382 nm
(Figure ). The polymer concentration and the electrospinning
parameters were optimized to produce electrospun structures
which can provide mechanical properties that can support for
the proper function of sadds designed for the repair of injured
sites of tendon tissue. Uniaxial tensile test results showed that
the ultimate tensile stress of S8 (w/v) PCISPAG
substrates was measuredl& MPa Figure 2).

The hydrogel coating did noteat the mechanical tensile
pfoperties of the polymeric electrospun constructs SStress

hydrogel. The engineered composite platform was comprisedstfain curves of hydrogel coated ML samples were comparable
multiple compartments that can be independently tailored. Thvéith noncoated structures without any signi e ect on the

nano brous substrate provided the mechanical support to thensile characteristics in terms of ultimate stress, strain, or elastic
scaold while the hydrogel structure emulates the micromodulus, demonstrating that the electrospun component
environment and characteristics of the native ECM. Thprovided the mechanical properties of the whole construct
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Figure 3Biological performance dfous ML scaolds. The Alg concentration of the hydrogel layers was optimized chtisl weae biologically
characterized. (A) Cell proliferation increased during the culture time for all tested 2D and 3D conditions exced IBMGaDHBAlg

composition, which appeared to have an inhibitecy @ proliferatiom(= 5; signicant di erences are determined compared to the M& 10%

0.5% GelM&Alg condition). (B) The e=ct of BMP-12 addition on the cell proliferation of cultured MSCS)( Biochemical stimulation was
investigated consideringadent concentrations of BMP-12 in the culture medium. (C, D) Live/Dead images of MSCs cultured into thésVIL sca

show high cell viability (>96% appeared in green color), spreading, and elongation at each time point without the addition of BMP-12 (C) and in the
presence of 10 ng/mL of BMP-12 (D) 3). (ESH). The e ect of BMP-12 treatment on MSCs tenogenic gene expression was evaluated through
PCR analysis of tenascin C (E), collagen | (F), tenomodulin (G), and scleraxis (H) tenogenic marker expression¢hathwaggsignthan the

control for 1 (ng/mL) BMP-12 but was maximally expressed for 10 ng/mL BMP-12 concentration in the culbir@m8djaicant di erences:
*p<0.05*p<0.01** p<0.001, an#*** p< 0.0001.

(Figure ASC). Moreover, dierent GelM&SAlg hydrogel  Alg) resulted in higher compressive properties, showing
compositions containing GelMA 10% (w/v) and Alg 0.5%, 1%mnodulus values of up t®7 kPa Figure D). The swelling

and 1.5% (w/v) did not considerably uance the tensile ratio of ML sceaolds with three derent hydrogel compositions
properties of the saalds. However, mechanical compressiveshowed a similar trend; softer gels swelled easier. The results
properties measured during compression test weressitini  suggested that the lower concentrations of Alg (0.5% wi/v)
a ected by the hydrogel composition. ML alda having  resulted in higher swelling ratio of about double the value for
higher Alg concentration (18%% and 10%i.5% GelM& those containing Alg 1% (w/v) and Alg 1.5% (WA (re E).
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Figure 4 Mechanical and biochemical stimulatiob@ius ML scablds. (A) Fluorescence images of the cell cytoskeletons after 7 days of culture
show cell alignment in the direction of the stretching for th@dscenechanically stimulated, while random cell orientation was observed for
construct cultured under static conditions. (B) The alignment of MSCs within the ditls seas quangd, reporting that cells dynamically
cultured and chemically stimulated can align up to 40% in the direction of tine=S3raiiy i cant di erences are determined compared to the SC
BMP-12 0 ng/mL conditiorip < 0.05** p< 0.01** p< 0.001, an#** p< 0.0001).

Figure E illustrates that the 18%.5% (w/v) GelMAAlg ML constructs. BMP-12 was selected as a GFutnize the cell

scaold performed the fastest degradation rate, 10S#gof fate into tenocyte lineage. A concentration of BMP-12 into the

the initial dry weightin 14 days, while ML structures with higheculture medium was selected to stimulate the cells toward

Alg concentration such as 81% (w/v) and 10%1.5% (w/ tenogenic dierentiation. BMP-12 solutions at edent

v) GelMASAIg formed scalds more resistant i vitro  concentrations (0, 1, and 10 ng/mL) were tested. Cells

degradation conditions. proliferated linearly during the culture time for all the tested
In order to test the biological properties of theok#®,  concentrationg{gure 8). Among 3D conditions, a sigrint

MSCs were encapsulated into the hydrogel structures aftrease of cell proliferation was registered at day 7 when 10 ng/

deposited on the electrospun membranes. The proliferation @f_of BMP-12 was added into the medium. The viability of the

the cells up to 7 days is reportedrigure 2,B. The graphs  cejis cultured for 7 days into the stdis shown ifFigures

show a linear growth of the cells during the culture time f0ra§C’D andS2 The Live/Dead Cell Viability Assay results

tested conditions. However, after 3 days of culture, cells C“““@E’ggested that the majority of cells were alive up to 7 days of

in 2D have a higher proliferation rate than cells cultured into 3P, i ire in modied media (>96%), proving that the selected
constructs. This is probably due to thecell-friendly tissue BMP-12 concentrations were not'cytotoxic.

culture substrate, W.hiCh.iS well-known to a“(.)W easyc;iedte To identify the role of BMP-12 on stem celédéntiation,
cell attachment, signaling, and prolifer&tittowever, in

Figure 3\, itis possible to visualize that the proliferation of Ce”ﬁollagen | scleraxis. and tenascin C was assé IBS

cultured into ML scalds composed of 18%5% (w/v) : .
GelMASAIg hydrogel appeared to be inhibited. CeIIuIargrowttlw_i)' At early stages, the tenogenic gene expression showed no

and proliferation was sigoantly higher in hydrogels signicant. dierence for' any of the BMP.—12 concentrations
containing lower Alg concentration due the formationf sti tested (with the exception of. the scleraxis marker). However,
and denser hydrogels at higher concentrations of Alg, which giam da_y 3 of culture, an important enhancemer_lt of the_
not favor cell migration, spting, and proliferatiGh. tenogenic marker expression was dete_cted at each time pointin
Fluorescence images of the representative MSCs cultured g Presence of BMP-12. A treatment with 10 ng/mL of BMP-12
the ML scaold constructs after Live/Dead staining, where livesNoWed a clear improvement on gene expression in terms of
cells appear green while nonviable cells are stained in régomodulin, collagen I, tenascin C, and scleraxis markers
demonstrated that the majority of the cells were alive (>949¢)0mpared to the untreated condition, suggesting the positive
spread, and elongated. There was not an evideendke that role of BMP-12 in inducing tenogeniedentiation of MSCs.

could be visualized betweenedént hydrogel compositions The addition of 10 ng/mL of BMP-12 into the culture medium

(Figure SR Considering the mechanical and physical propertieaPpeared to simultaneously improve cell proliferation and
of di erent hydrogel composition and theioe on cellular ~ di erentiation. We speculate that this trend was due to the lack

proliferation, ML scald composed of an electrospun mat Of di erentiation of MSCs to mature tenocytes, which did not
coated by 103d% (w/v) GelM/SAlg hydrogel layers was a ectthe cell division cycle. Thus, a 10 ng/mL concentration of
selected and used for the rest of the study. BMP-12 into the culture medium was selected, and the

Biochemical stimuli were applied to promote and favor theiochemical stimulation of the construct was performed using
tenogenic derentiation of MSCs encapsulated within the MLthat composition.

the expression of key tenogenic markers such as tenomodulin,
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Figure 5Mechanical and biochemical stimulatients on MSCs encapsulated into MLadda. (A) Proliferation rate of MSCs was registered to be
signi cantly improved by the combination of the mechanical and biochemical stimuli at each tim8p¢B8F) Data representing Rt-PCR of
MRNA expression of tenomodulin (B), collagen | (C), scleraxis (D), decorin (E), and tenascin C (F) markeastk bighier expression can be
observed in the case of sdds treated with BMP-12. However, an even greater improvement of the terergetiittin was achieved in the case
of samples subjected to a combination of mechanical and biochemicals8nsidiiicant di erences:p< 0.05** p< 0.01*** p< 0.001, and

*% < 0.0001).

The constructs were biochemically and mechanicallyiochemical stimuli resulted in higher cellular proliferation in
stimulated to mimic the natural function of tendons. Thecomparison to the cultures that were exposed to a single
biochemical stimuli were provided by culturing the samples &timulation.

10 ng/mL BMP-12 modéd culture medium. A custom-built ~ The in uence of the applied mechanical strain on MSCs
bioreactor was used to perform the dynamic culture of theultured into the ML scalds was investigated in terms of
constructs. The sadds were mounted into the bioreactor potential tenogenic d@rentiation. The gene expression of the
chamber and placed and cultured in the incubato€(H% specic tenogenic markers such as tenomodulin, collagen |,
CO,), as shown inFigure S1 Mechanical stimulation scleraxis, decorin, and tenascin C was analyzed to evaluate the
parameters were selected in terms of strain and frequencycgyl di erentiation under dynamic culture conditions, as already
simulate the tendon native biochemical conditions. Thassessed in previous stutiféS>* The results indicated a
constructs were cultured into the bioreactor chamber argigni cant enhancement of the tenogenierdntiation of cells
subjected to tensile cyclic loading for 7 days (4 h/day). Théultured under dynamic conditions. Moreover, it was observed
combination of mechanical and biochemical stimulation as wélat the combination of mechanical and biochemical stimuli
as their synergisticezt on cellular functions was evaluated.induced a synergistic eet, which further improved the
The morphology of the MSCs cultured for 7 days within the MIt€nogenic gene expressiéig(ire BSF).

scaolds was sigréantly aected by mechanical stimulation.

The applied mechanical stimuli resulted in a longitudinal DISCUSSION

orientation of _ceII cyt_oskeletons as demonstrat_ed by F-actindons are highly organized tissues formed from aligned
uorescence imageBigures A and S3j. The alignment brillar collagenbers. To recapitulate thisrous architecture,
quanti cations are reported igures B andS4for various  gypstrates made of nabers were generated using electro-
culture conditions. Cells cultured in dynamic condition (DC)gpinning of PCEPAG. Electrospun constructs are mechanically
tended to align in the direction of the applied strain up to 40(V§trong and are easy-to-suture during surgical implantation.
while cells cultured in static condition (SC) showed randonyowever, PCEPA6 constructs are noted to be hydrophobic
orientation. . . and do not possess biological cell binding fifdkidscreate an
Additionally, the maturation and function of the cultured cellanvironment suitable for cellular growth, the substrates were
were investigated under biochemical and mechanical stimghated with layers of cell-laden G&Miy hydrogel. Alg was
The expression of collagen |, as the main component of natiyged for two reasons: (1) Alg facilitated the formation of a
tendon ECM, was assessed by staining against the protein. Tform hydrogel layer on the electrospun substrates; (2) a
biochemical stimulation of the cultures resulted in caighi  niche formed from polysaccharides and proteins similar to
enhancement of collagen | production while the mechanicahtive ECM was created. More in detail, alginate was introduced
input promoted a more organized and oriented collageinto the hydrogel composition to allow the fabrication of a
expression, as shownFigure S50n the other hand, the hydrogel layer with uniform thickness. In this approach, the
mechanical stimulation showed a positive impact on prolifestbstrates were dip coated with hydrogel and fast cross-linking
ation rate of the cultured cells over tiRigre B), suggesting  of the hydrogel layer was important to preserve its uniform
that dynamic culture condition supported cell viability andhickness. The presence of alginate enabled the rapid cross-
promoted cell proliferation, as also reported by previouimking of the hydrogel layer by Ga®ld physically entrapping
studies? Interestingly, the combination of mechanical andselMA prepolymers. GelMA was then cross-linked using UV
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light to form an independent polymeric network. GelMAconcentration. The observed trend in cellular growth was due
possesses cell binding moieties and has been successfully theedormation of ster and denser hydrogels at higher
for culture of various tissdé3:°>°° Previously, it was concentrations of Alg, which did not favor cell migration,
demonstrated that alginate at concentrations lower than 18preading, and proliferatfon.
(w/v) does not signcantly aect the ceBGelMA inter- Tendons undergo mechanical loading during its physiological
actiond®>?*? The engineered composite platform was comprisedperation, and there are a number of studies suggesting the
of multiple compartments that can be independently tailore@ositive role of mechanical stimulation on cellular alignment and
The nanobrous substrate provided the mechanical support tdi erentiation®"’*However, the synergistieet of BMP-12
the scaold and facilitated the implantation of the constructs aind mechanical stimulation on cellular growth, morphology, and
the injury site. The ML saald has the novelty to independently di erentiation is not well understood in the literature. To
make the optimization of each compartment possible. Thus, itinderstand the relative and synergisict ef biochemical and
possible to encapsulate cells in a cell-friendly environmentechanical stimulation, the constructs were biochemically and
which can emulate the ECM ambience, while having adequatechanically stimulated to mimic the natural function of tendon
mechanical properties for the application. Moreover, thand simulate its native biochemical conditions. Dynamic culture
presence of the electrospun mat can potentially faciliate theconditions showed a positivee@ on cellular proliferation,
vivoimplantation, which would not be possible using hydroge&ccording to previous studiémterestingly, the combination
based scalds. of mechanical and biochemical stimuli resulted in higher cellular
Recently, a method was developed by Tamayol et al. enablprgliferation in comparison to the cultures that were exposed to
the fabrication of stable structures from various proteins i single stimulation. Moreover, mechanical tensile stretching
which Alg was used to form a stable template entrapping proteionditions led to cellular integrin-mediated focal adhesions and
chains until they were properly cross-lifikéd. cytoskeleton deformation response, which resulted in a
The polymer concentration and the electrospinning paranpreferential, longitudinal cell orientation. Since that electrospun
eters were optimized to produce electrospun structures, whidbrous mat had a randoters distribution, it was postulated
provide mechanical properties that can support the propénat cell alignment was not related to the morphology and
function of scalds designed for the repair of injured sites ofarchitecture of thérous substrate. Thus, the observed changes
tendon tissue. The mechanical properties were measured in twothe cellular alignment probably was due to the cyclic
directions. In the lateral direction, the electrospun substrateechanical tensile stimulation of the cultures. The mechanical
acted as areinforcement. Since the tensile modulubobtise  stimulation should have promoted cellular reorganization in the
substrate was sigréntly higher than the hydrogel layer, no direction of the stretching, as it has also been observed in
signicant change was observed after the addition of therevious studié$>* Additionally, collagen | expression was
hydrogel layer. Particularly, the value of ultimate tensile stresassessed in order to evaluate the ECM deposition. The greater
comparable with native tendons data previously reported in te&pression of collagen | demonstrated the higher ECM
literaturé’® showing the suitability of the suld for tendon production and deposition by cells treated with BMP-12. The
applications. On the other hand, in the perpendicular directiomechanical input, however, promoted a more organized and
the mechanical load was mainly absorbed by the hydrogel layaisnted collagen production, mimicking the natural tendon
and a signcant di erence between the measured perpendiculdECM structure. Results were in agreement with previous works
compressive and lateral tensile moduli was observed: higherthigt demonstrated the alignment of collagen and ECM
concentration led to higher compression properties becausedeposition under mechanical tensile stretching contfitions.
the formation of interpenetrating network hydrogels wéh sti A signicant enhancement of the tenogenierdntiation of
structure§?® For this reason, the hydrogel composition couldcells cultured under dynamic conditions was also ob-
signi cantly aect the mechanical properties in the perpendicserved®*’* However, it was observed that the combination
ular direction without acting the properties in the lateral of mechanical and biochemical stimuli induced a synergistic
direction. e ect, which further improved the tenogenic gene expression,
The rate of tenogenesis is slow, and a suitalm&stzould con rming the positive role of BMP-12 on tenogenierdi
remain stable until the new tissues have deposited strong E@Httiation without exerting an inhibitorye@ at the studied
to withstand the exerted mechanical forces. Although thang€*>’® The simultaneous biochemical and mechanical
scaolds had multicompartments withedent compositions,  stimulation results in a sigrantly higher expression level of
the focus of the degradation experiment was the reinforcitgnogenic speci markers compared to the nonstimulated
nano brous substrate. The degradation of polymeric substratedslture condition, suggesting that the proposed 3D ML system
mainly due to hydrolysis, and we used PBS, which captures taam be potentially used for engineering of functional tendons.
physiological properties of the native tissues. The degradation dPne of the limitations of the proposed approach was the need
GelMA is_enzymatic, as it has been reported in sever@r in vitro maturation of the cultured tissues prior to
studies*®"* Additionally, hydrolysis of the Alg component implantation. This means that the patients shouid om
also inuenced the weight loss of tmal ML structures, and complications associated to the injury prior to maturation of the
higher Alg concentration formed stds more resistant o tissue. However, the applied mechanical stimulations were
vitro degradation conditions. On the other hand, softer gekelected to recapitulate the mechanical stresses applied to
swelled easier and lower concentrations of Alg resulted in highemdon tissues. Thus, itis expected that an unmatured tissue can
swelling ratio, due to the less dense and weaker polymestill receive suwcient mechanical cues postimplantation to
networks, which can accommodate more water molecul@saturen vivo
leading to higheid loading capacity. Moreover, the scald we proposed requires the treatment
The biological characterization of theada showed that with GFs supplemented in the culture media, in order to
cellular growth and proliferation of MSCs were registered to li@prove the tenogenic drentiation of the encapsulated cells.
signi cantly higher into ML scalds having lower Alg The possibility of loading GFs into the electrospun mat or
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